Introduction {#s0001}
============

The biocompatibility of dental materials used for fixed prosthodontic restorations is an ongoing discussion among dental practitioners. The materials chosen have to sustain the challenging environment of the oral cavity in the long-term and also meet the patient's aesthetic demands. The types of alloys and the testing methods employed have shifted over the decades, but the goal remains constant; to find materials that combine function and aesthetics without harming the surrounding tissues or the patient.\[[@CIT0001]\] Cobalt--chromium alloys have recently gained a lot of interest in Sweden. These alloys have been used, mainly for removable partial dentures, for many decades,\[[@CIT0002]\] but have not been widely used for fixed prosthodontics. The advantage of these alloys compared to gold alloys is their low-cost, high-strength and high-elastic modulus that makes them useful in clinical cases where space for the restoration is limited, as very thin frameworks can be made. High-fusing porcelain can be used and, compared to titanium, the aesthetics are improved. The alloys also have good corrosion resistance due to protective chromium oxide layer. However, the amount of chromium should not exceed 30% as this would make the alloy brittle and reduce its castability.\[[@CIT0003]\] The disadvantages are that, unlike titanium, both cobalt and chromium are known allergens\[[@CIT0004]\] and therefore the increasing use of these metals for fixed restorations is possibly harmful. Dental technicians also experience increased dust-related health risk when grinding and polishing these alloys.\[[@CIT0005]\] The hardness of these alloys also makes the processing difficult and time-consuming.\[[@CIT0003]\]

In July 2008 the Swedish Ministry of Health and Social affairs developed a revised dental insurance system, protecting against high costs for patients in need of extensive dental treatment. It was decided not to reimburse for the gold alloys in prosthetic restorations, making prosthetic treatment using gold-based alloys very expensive for the patient. The cost of base-metal and titanium alloys for fixed prosthodontics is however reimbursed and these alloys therefore became the first choice for the restorations. Titanium properties have been documented both *in vitro* and *in vivo* and its advantages and disadvantages are well known.\[[@CIT0003]\] The clinical documentation of cobalt--chromium for fixed prosthetic restorations is scarce although the alloy is now frequently used. Eliasson et al. published a retrospective study in 2007 where no adverse reactions to the material were reported.\[[@CIT0006]\] Recently a number of case reports on allergic reactions to base metals have been published.\[[@CIT0007]\] However, in a 5-year retrospective study of cobalt--chromium-based fixed dental prostheses no adverse biological reactions were reported.\[[@CIT0008]\] Corrosion and biocompatibility are also of increasing concern as patients today are more aware of the potential disadvantages of metal restorations in the oral cavity. Altogether there is a need for more thorough evaluation of the alloys in use. Corrosion is the major reason for the release of elements and is increased in conditions of low pH which are often experienced in the oral cavity. Previous studies have also shown that the leakage of metal elements is higher from base metal alloys than from noble alloys and titanium.\[[@CIT0009]\] In order to evaluate the biocompatibility of dental alloys, *in vitro* studies can be performed which attempt to imitate the clinical conditions as far as possible in order to be able to anticipate possible negative effects. The aims of this study were to investigate the release of elements from, and the biological response *in vitro* to cobalt--chromium alloys and other base metal alloys used for the fabrication of metal-ceramic restorations such as single crowns and fixed partial dentures.

Material and methods {#s0002}
====================

Samples of commercially available dental alloys used for metal-ceramic applications were received from the manufacturers ([Table 1](#t0001){ref-type="table"}). Pure copper served as positive control. All specimens but six were cylindrical in shape when received from the manufacturers. The titanium, IPS d.SIGN 30 and copper samples were disc shaped, and the U-gold, Albabond A and NPG alloys were supplied as plates. The specimens were kept in their original shapes during the experiments as the surfaces were suitable for grinding and measuring in all cases. Table 1.Trade name, manufacturer, batch number and composition of the investigated alloys given by the manufacturers.1Wirobond 280BEGO12221Co 60.2, Cr 25, W 6.2, Mo 4.8, Si, Ga, Mn2Wirobond CBEGO2689Co 63.3, Cr 24.8, W 5.3, Mo 5.1, Si, Fe, Ce3SolibondC-plusYETI--Co 63, Cr 24, W 8.1, Mo 2.9, Nb 0.9, Si 1.14Remanium securaDentaurum274Co 58, Cr 30, W 5.5, Mo 3, Si 1.5, Mn1.255Remanium starDentaurum475Co 60.5, Cr 28, W 9, Nb, Si 1.5, Mn6Heraenium PHeraeus Kulzer12571Co 59, Cr 25, W 10, Mo 4, Si 4, Mn 0.87Heraenium PwHeraeus Kulzer12202Co 55.2, Cr 24, W 15, Si 1, Fe 4, Mn 0.88U-goldKA Rasmussen899Au 74, Ag 9, Pt 9, Cu 4.4, Zn 2, In 1.5, Ir 0.19Albabond AHeraeus Kulzer88087Ag 32.6, Pd 56.6, Zn 0.2, In 3.4, Ir 0.2, Sn 6.8, Ru 0.210Wiron 99BEGO--Cr 22.5, Mo 9.5, Nb, Si, Ni 65, Sn, Ce11Titan grad II----Ti 10013Wirobond LFCBEGO12437Co 33, Cr 30, Mo 5, Si, Fe 29, Mn 114IPS d-SIGN 30Ivoclar VivadentS24141AGCo 60.2, Cr 30.1, Mo, Nb 3.2,Fe, Ga 3.9, Si, Al, Li, B15Heraenium SHeraeus Kulzer275125Cr 23, Mo 10, Si 2, Ni 62.9, Fe 1.5, Ce 0.616Heraenium SunHeraeus KulzerZ073342Co 43, Cr 23.45, W 2.5, Mo 2, Si 1, Fe 27, Mn 0.817Remanium 2001Remanium250Co 63, Cr 23, W 4.3, Mo 7.3, Si 1.6, Mn18Remanium CseRemanium454Co, Cr 26, Mo 11, Si 1.5, Ni 61, Fe, Ce19NPGAalbaDent--Ni 4.3, Cu 80.7, Zn 2.7, Fe 3, Mn 1.7, Al 7.8

Preparation of elution extracts {#s0003}
-------------------------------

### Minimal essential medium {#s0004}

The specimens were sandblasted with 110 μm alumina oxide, rinsed in water and wet ground with 1200 SiC paper (Struers A/S, Ballerup, Denmark) and rinsed again. Fresh abrasive paper was used for each alloy. The specimens were then ultrasonically cleaned in 70% ethanol for 5 minutes and dried in water and oil-free air. The specimens were incubated in cell culture medium

Minimal essential medium (MEM), without FBS, is used as the extraction medium. The volume of media used was calculated from the surface area of each specimen, 1.25 cm^2^/ml according to ISO 10993-12.\[[@CIT0008]\] MEM without specimens served as negative control. The vials were sealed and placed in an agitated water bath at 37 °C for 24 hours. The specimens were removed from the extraction media on the second day. The media were sterilized and filtered in Syringe filters 0.22 (TPP. Switzerland) and 950 μl was added to 50 μl of FBS (Fetal Bovine Serum, Sigma, St Louis, USA).

### Lactic acid {#s0005}

For five of the alloys (Wirobond C, Albabond A, Wirobond LFC, Heraenium S and NPG) an additional MTT assay was performed using lactic acid as extraction media. The alloys were chosen to represent the various groups of metals included in the study: Co--Cr, Ag--Pd, Co--Cr--Fe, Ni--Cr and a high-copper alloy. The specimens were heat-treated, sandblasted, polished and ultrasonically cleaned before being incubated in a solution of lactic acid (pH 2.3) for 7 days, all according to the procedure described above. After the final day, the specimens were removed and the media neutralized with MEM and the procedure continued according to the MTT manual.\[[@CIT0010]\] In the following discussion, this test will be referred to as the *corrosion MTT*.

Characterization of elution extracts {#s0006}
------------------------------------

In order to determine the element leakage from the dental alloys a method for quantitative determination was developed.\[[@CIT0009]\] Eighteen specimens in 2--6 parallel (altogether 81 samples) were sandblasted, polished and cleaned before incubation in minimum essential cell culture medium (MEM) at 37 °C for 72 hours as described above. Teflon cleaned in HNO~3~ was used as control. The solutions were then analyzed with ICP-MS. An inter-laboratory comparison was made between five different laboratories to evaluate the methods.\[[@CIT0009]\]

Preparations of corrosion extracts {#s0007}
----------------------------------

Two samples of each specimen were sandblasted in 110 μm alumina oxide, Al~2~O~3~. Heat treatment of the specimens was performed according to the manufacturer\'s instructions, between 790 and 980 °C, and bench cooled (Jelenko Flagship VPC, Sekisui Chemical Co., Japan). The specimens were polished, wet ground with 320 and 1200 grit abrasive paper (Struers, Denmark), ultrasonically cleaned in 70% ethanol for 5 minutes and dried in water and oil free air. According to the ISO standard 10271:2001 \[[@CIT0011]\] borosilicate glass containers were used for incubation of the specimens in a solution of lactic acid (C~3~H~6~O~3~) and NaCl. The volume of media used was calculated from the surface area of each specimen (1.0 ml/cm^2^). The corrosion test was performed twice and the pH for the solutions was prepared at 2.32 and 2.33 according to ISO standard 22674:2006.\[[@CIT0012]\] The incubations were performed at 37 °C in CO~2~ for 7 days. Pure copper served as positive control.

Characterization of corrosion extracts {#s0008}
--------------------------------------

On day seven, the specimens were removed and the extraction media together with a blank control were sent for the analysis of metal elements (Sheffield Analytical Services, Sheffield, UK). Each solution was analyzed for metallic elements by ICP-OES.

Cell culture and MTT tests {#s0009}
--------------------------

MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromide) a yellow tetrazole, is reduced to purple formazan in living cells to determine the level of mitochondrial activity when exposed to extracts of the test material. The method that was described by Edmondson \[[@CIT0013]\] is easy and reproducible, and has been performed in a number of studies to estimate cytotoxicity for various alloys.\[[@CIT0014],[@CIT0015]\] Mouse fibroblasts L-929 (American Type Culture Collection CCL1) were cultured in minimum essential medium with Earle\'s salts (MEM) containing 2 mmol L^−1^ L-Glutamine (both PAA Laboratories GmbH, Pasching, Germany), supplemented with penicillin (100 U/ml)/streptomycin (100 μg/ml), (Lonza, Verviers, Belgium) and 5% FBS (Fetal Bovine Serum. Sigma, St Louis, MO). The cell culture was adjusted to 7.5 × 10^4^ cells/ml and 200 μl of the cell suspension was seeded into wells of a 96 well plate and incubated for 24 hours at 37 °C in an air atmosphere containing 5% CO~2~ and 95% humidity. The cell culture medium in the wells was replaced by 100 μl of the elution extracts or corrosion extracts of five alloys (Wirobond C, Albabond A, Wirobond LFC, Heraenium S and NPG) after adjusting the pH by adding 10 M NaOH. Six parallel wells were used for each sample and the plates were incubated for 24 hours at 37 °C in 5% CO~2~ and 95% humidity. On the third day, the extract media was removed and 100 μl/well of MTT (Sigma, St Louis, USA) dissolved in phosphate buffered saline (Lonza, Verviers, Belgium) to a concentration of 0.5 mg/ml was added to each well. The plates were incubated for 1 h at 37 °C in 5% CO~2~ and 95% humidity. The media were removed and 100 μl DMSO (Dimethyl sulfoxide, Sigma, St Louis, MO) added to each well. The plates were kept at room temperature under agitation for 20 minutes and the spectrophotometric absorbance was measured at 540 nm using a Multiscan EX microplate reader (Labsystems, Helsinki, Finland). The mean value of the negative control was set at 100% and the absorbance values for the samples were calculated in relation to the control value. The MTT tests were performed three times for each alloy according to the method described by Edmondson el al.\[[@CIT0013]\]

The HET-CAM procedure {#s0010}
---------------------

The Hen\'s egg test-chorio-allantoic membrane (HET-CAM) technique was performed to measure the irritation potential of the alloys.\[[@CIT0016]\] Extracts were prepared as described under the Section "Characterization of elution extracts\". On the testing day, the specimens were removed and the pH of the extraction media was adjusted to 5.2--6.0 by adding 0.1 M NaOH. This was done in order to avoid potential negative effects on the chorio-allantoic membrane caused by the low pH of the test solutions. The solutions were tested immediately after preparation. The HET-CAM procedure has been found to be an acceptable alternative to *in vivo* tests and was performed according to Kalweit et al.\[[@CIT0016]\] with minor modifications. Fertilized eggs were purchased (Samvirkekylling, Våler, Norway) and placed in a rotating incubator in a humidified atmosphere at 37 °C until testing on day 9. The shell above the air cell of the eggs and the inner membrane were removed using forceps and the chorioallantoic membrane (CAM) was assessed. 300 μl of the test solution was applied directly onto the CAM which was then examined for 5 minutes by using a photo macroscope with illumination (M400, Wild, Heerbrugg, Switzerland). Each solution was tested three times and the experiment was repeated once. The irritation score of the CAM was measured by recording the haemorrhage, coagulation and vascular lysis for a period of up to 5 minutes, according to Kalweit et al.\[[@CIT0016]\] The results were transformed into an irritation score between 0 and 21 and the test solutions could be classified as non-irritant if they scored 0--0.9, slightly irritant if they scored 1--4.9, moderately irritant if they scored 5--8.9 and strongly irritant if they scored 9--21.

Results {#s0011}
=======

Corrosion and elution tests {#s0012}
---------------------------

The results from the corrosion tests are presented in [Table 2](#t0002){ref-type="table"}. The results show that all except two of the samples gave yields well below the limit of 200 μg/cm^2^ per 7 days suggested by the ISO 22674:2006.\[[@CIT0012]\] The NPG alloy and the copper control (tested twice) expressed results well above the limit, with values of 329 μg/cm^2^ per 7 days and 348 μg/cm^2^ per 7 days, respectively. The quantitative analysis with ICP-MS showed element leakage corresponding with the manufacturer\'s declaration of the compositions, and higher leakage of elements could be seen from the base-metal alloys compared to the noble alloys such as gold ([Table 2](#t0002){ref-type="table"}). The copper control was not included in this test. The inter-laboratory comparison showed similar results between all five laboratories.\[[@CIT0009]\] In [Table 2](#t0002){ref-type="table"} the results from the leakage studies in corrosion solution are compared with results from the MEM-extract test. Higher ion release could be seen from the copper-based alloy NPG in the corrosion test compared to elution test. A tendency towards higher ion release from the alloys no 2, 3, 14, 15 and 16 was also noticed ([Table 2](#t0002){ref-type="table"}). Table 2.The results from corrosion and immersion tests.AlloyCorrosion testElution test1. Wirobond 2800.20.12. Wirobond C2.20.13. Solibond C-plus5.00.14. Remanium secura0.10.15. Remanium star0.10.16. Heraenium P0.10.17. Heraenium Pw0.50.18. U-gold0.10.19. Albabond0.10.110. Wiron 990.30.111. Titan\*\*12. Copper control310--12. Copper control348--13. Wirobond LFC0.90.214. IPS d.SIGN 302.50.115. Heraenium S2.20.116. Heraenium Sun1.30.117. Remanium 20010.10.318. Remanium Cse0.20.119. NPG3291.3[^1]

MTT (Cytotoxicity) assay and corrosion MTT {#s0013}
------------------------------------------

The elution extracts of tested alloys expressed no cytotoxic effects in the MTT assay. The greater standard deviation in the second group is explained by a higher density of cells as the amount of cells is not always constant ([Figure 1](#F0001){ref-type="fig"}). A grading of cytotoxic effects was suggested by Sletten and Dahl\[[@CIT0017]\] where extracts were rated as severely, moderately or slightly cytotoxic when the activity relative to a control was less than 30%, between 30% and 60%, or greater than 60% respectively. As seen from the mean value from all tests, none of the alloys could be rated cytotoxic except for pure copper which served as control. Pure copper had the lowest value for cell viability, 50.1% and 47.6% and was rated moderately cytotoxic ([Figure 1](#F0001){ref-type="fig"}). A slightly different result could be seen when lactic acid was used as the extraction medium for the MTT assay, the *corrosion MTT.* A selection of five alloys was used for incubation in lactic acid. This time both the copper alloy NPG and pure copper were rated severely cytotoxic ([Figure 2](#F0002){ref-type="fig"}). Figure 1.Results from MTT test after incubation of the alloys in MEM for 24 hours. Pure copper served as control and was rated moderately cytotoxic according to the cell viability of 50.1 and 47.6%. As seen from the mean value from all tests, none of the remaining alloys were rated cytotoxic. Figure 2.Alloys incubated in lactic acid for 7 days followed by MTT assay, the *corrosion MTT.* The copper alloy NPG and pure copper were rated severely cytotoxic.

HET-CAM tests {#s0014}
-------------

The results from the HET-CAM tests showed that all test extracts except one were classified as non-irritant material with no evidence of hemorrhage, coagulation or vascular lysis. The class III alloy NPG showed a delayed effect on the CAM with bleeding and was classified as slightly irritant. The copper specimen showed a reaction on the CAM within 60 s and was classified as moderately irritant. The positive control of 0.1M NaOH had an immediate reaction on the CAM with bleeding followed by coagulation and vascular lysis and was classified as strongly irritant, with an irritation score of 12 according to Kalweit et al.\[[@CIT0016]\]

Discussion {#s0015}
==========

The aims of this study were to investigate the release of elements from, and the biological response *in vitro* to, cobalt--chromium and other base--metal alloys used for the fabrication of metal ceramic restorations. However, to carry out such tests in clinical conditions would be problematic as the oral environment is subject to constant changes that are difficult to imitate artificially. *In vitro* studies are easier to standardize and to control compared to *in vivo* studies but many *in vitro* studies attempt to imitate clinical conditions and the composition of the extraction media in such studies are therefore subject to variations.\[[@CIT0018]\] Extraction media such as MEM,\[[@CIT0009],[@CIT0014],[@CIT0015]\] artificial saliva,\[[@CIT0019],[@CIT0020]\] lactic acid\[[@CIT0019]\] or a combination of saline solution and lactic acid \[[@CIT0021],[@CIT0022]\] are used among others when extracting testing material. MEM is used for extraction in toxicity testing on cell lines, whereas the lactic acid will be toxic for the cells due to its low pH. When it comes to corrosion testing, a solution of lactic acid and saline solution with a pH of 2.3 are suggested by the ISO standard.\[[@CIT0011]\] This is an attempt to imitate the clinical situations where acidic food and beverages, low oxygen conditions in narrow interproximal spaces and the presence of dental plaque create an acidic environment that facilitates a corrosive reaction. Corrosion is an oxidation--reduction process affecting a material in a chemical or electrochemical process.\[[@CIT0023]\] Dry corrosion occurs when a metal surface reacts with atmospheric oxygen to create a thin layer of oxide on the metal surface. Apart from gold and few other exceptions, most metals form a thin surface oxide which is chemically stable and which may, or may not, form a barrier to further oxidation of the underlying metal. In the moist environment of the oral cavity where dental restorations are functioning, electrochemical or galvanic corrosion is much more common.\[[@CIT0024]\] Electrochemical corrosion takes place when a metal is placed into a solution (or electrolyte) and a reaction between the metal and the solution occurs. This type of corrosion can take place in almost any solution, but is especially pronounced in acidic environments and is also accelerated by the presence of chloride ions which can be present in the oral cavity. Other accelerating factors include the presences of different alloys which can form battery like cells across the liquid which connects them, and local fluctuations in surface chemistry or electrolyte chemistry (e.g. the lack of oxygen inside cracks and crevices). Metal ions are released during such corrosion processes. The released ions could eventually saturate the solution but in the oral cavity they are continuously washed away by food, saliva and other fluids, which is why the corrosion process continues.\[[@CIT0023]\] In our study the alloys were incubated in either MEM cell culture medium (pH 7) for passive leaching, or underwent corrosion testing in lactic acid and NaCl (pH 2.3) followed by the analysis of the solutions by ICP-MS or ICP-OE, respectively. The results are presented in [Table 2](#t0002){ref-type="table"} where it can be seen that slightly higher amounts of released elements are detected in the acidic corrosion solution for some of the alloys. In general, the release of ions was low and in line with the studies by Beck et al.\[[@CIT0024]\] and Syverud et al.\[[@CIT0021]\] where a corrosion test was performed in lactic acid and NaCl (pH 2.3) and compared to the results from immersion in NaCl at pH 7. It could be seen that the release was pH dependant, since a lower concentration of ions was detected in the solution of only NaCl. Previous studies have also demonstrated a higher release of elements when the pH value is decreased.\[[@CIT0004],[@CIT0019]\] The high ion release seen from pure copper and the copper-alloy NPG has been demonstrated in previous studies after immersion in various solutions.\[[@CIT0014],[@CIT0025],[@CIT0026]\] The process of corrosion is however complex and depends not only on the extraction media but also the type and composition of the alloy and factors such as surface characteristics, chemical content, presence of multiple phases and solubility. The presence of pits and impurities on the surface might enhance corrosion as mentioned earlier. The initial preheating and polishing of the specimens before the immersion test is part of the regular technical procedure when producing a metal-ceramic restoration. The heat-treatment is crucial for the porcelain--metal binding properties, but the altered surface is also responsible for an increased element release as shown by Schmalz, which is why polishing of the surface to remove these elements is recommended.\[[@CIT0026]\] This procedure was also in line with the study by Syverud et al. where palladium alloys with or without copper were preoxidized and ground/polished in two steps.\[[@CIT0021]\] It could be seen that more metal ions were released from the surface when remnants of the oxide layer remained on the surface. In another study by Qui\[[@CIT0020]\] where Co--Cr and Ni--Cr alloys were compared before and after simulated porcelain firing, an alteration of surface properties could be seen and in general the release of metal ions increased after the firing process. However, opposing results have also been demonstrated in a study by Ardlin et al.\[[@CIT0022]\], where some of the alloys showed higher element release without preoxidization. Another study on Pd-based alloys showed both reduced and increased corrosion after heat treatment depending on the type of alloy.\[[@CIT0027]\]

In order to evaluate the biological responses in our study a cell culture test, MTT and an irritation test, HET-CAM were performed. In the MTT test and *corrosion MTT* ([Figures 1](#F0001){ref-type="fig"} and [2](#F0002){ref-type="fig"}), the cells were exposed to the extract media for 24 hours according to the ISO standard.\[[@CIT0010]\] A longer time of exposure is not recommended as this might increase the risk of microbial contamination or cell overgrowth. The extraction time, on the other hand, can sometimes be extended to 72 hours\[[@CIT0028]\] or longer\[[@CIT0014]\], which is an attempt to imitate the even longer exposure of the alloy in the oral cavity. This was also done in the *corrosion MTT* where the alloys were exposed for 7 days compared to 24 hours in the MTT test. The extraction media were lactic acid and MEMy. In the *corrosion MTT*, the high-copper alloy was rated severely cytotoxic as was pure copper ([Figures 1](#F0001){ref-type="fig"} and [2](#F0002){ref-type="fig"}). In the MTT study by Sjögren et al.\[[@CIT0014]\], the high-copper alloy was found to be as cytotoxic as pure copper when the specimens were incubated in MEM for 5 days, which indicates that the time of exposure is important. The HET-CAM showed similar results as the study by Ardlin\[[@CIT0022]\] when testing cobalt--chromium alloys with no evidence of haemorrhage, coagulation or vascular lysis on the CAM. As in our study the alloys Wirobond C, Wirobond LFC and U-gold were tested but only the 1 mmol^−1^ solution of Cu^2+^ and the positive control were rated slight irritant and strongly irritant respectively, which is in line with our findings. However, in a study by Syverud et al.\[[@CIT0021]\], a salt solution of Cu^2+^ and Pd^2+^ had the highest irritation score. Although our *in vitro* tests show no signs of cytotoxicity or membrane damage from cobalt--chromium alloys, a recent study by Hjalmarsson et al.\[[@CIT0029]\] demonstrated improved viability of both epithelial cells and fibroblast on titanium compared to cobalt--chromium alloy. Altogether, the situation which exists in clinical conditions remains to be examined.

To conclude, in our study base-metal alloys, apart from the high-copper alloy (NPG), performed comparable to the high-gold alloy (U-gold) and the silver--palladium-based alloy (Albabond A) in regard to corrosion and elution of elements.
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[^1]: For the corrosions test, the test specimens were placed in 0.1 mol/l NaCl + 0.1 mol/lactic acid (pH 2.3) and in minimum essential cell culture medium for the elution tests. Released ions in \^g/cm^2^ per 7 days.

    \*Below detection limit
